The structural, electronic, optical and vibrational properties of LiN 3 under high pressure have been studied using plane wave pseudopotentials within the generalized gradient approximation for the exchange and correlation functional. The calculated lattice parameters agree quite well with experiments. The calculated bulk modulus value is found to be 23.23 GPa which is in good agreement with the experimental value of 20.5 GPa. Our calculations reproduce well the trends in high pressure behavior of the structural parameters. The present results show that the compressibility of LiN 3 crystal is anisotropic and the crystallographic b-axis is more compressible when compared to a-and c-axis which is also consistent with the experiment.
I. INTRODUCTION
Alkali metal azides are an interesting class of compounds which find wide range of applications as explosives and photographic materials. These are model systems for studying the fast reactions in solids with complex chemical bonding 1, 2 . Under the action of heat, light these metal azides become unstable and decompose into metal and nitrogen. Since the decomposition of metal azides involves the electron-transfer mechanism it would be necessary to understand the electronic band structure of these systems 3 . A number of studies at the level of Hartree-Fock (HF) and density functional theory (DFT) has been performed to understand the electronic band structure and decomposition mechanism [4] [5] [6] [7] [8] . Moreover, the high pressure behavior of metal azides is an important aspect because of the formation of polymeric nitrogen, a high energy density material 9, 10 . Previously the high pressure study on sodium azide, NaN 3 , revealed that a new structure is formed with nitrogen atoms connected by single covalent bonds, which was considered to be an amorphous like structure 11 .
Since NaN 3 and LiN 3 are isostructural at ambient conditions, it would be of interest to study the pressure effect on LiN 3 with the motive of formation of polymeric nitrogen. Recently
Medvedev et al 12 reported the behavior of LiN 3 under high pressures. Their study revealed that the system is stable up to the pressure of 60 GPa, which is in contrast to that of sodium azide that undergoes a set of phase transitions below the pressures of 50 GPa 12 . With this motivation we aim to study theoretically the pressure effect on LiN 3 crystal system. In order to understand the behavior of LiN 3 under high pressure, it is essential to study the physical and chemical properties of the system under high pressure. To the best of our knowledge the structural, electronic, vibrational and optical properties of LiN 3 at high pressures have not been explored theoretically. Moreover, these properties under pressure are important in a better understanding of the stability of LiN 3 . In this paper, we present a first-principles study of solid monoclinic LiN 3 under hydrostatic pressure of up to 60 GPa using density functional theory. The structural parameters, bulk modulus, energy band gap, density of states, optical and vibrational properties of LiN 3 under pressure are reported. The remainder of the paper is organized as follows: A brief description of our computational method is given in section 2. The results and discussion are presented in section 3. Finally we end with a brief summary of our conclusions in section 4. 
II. COMPUTATIONAL DETAILS
The first-principles density functional theory calculations were performed with the Cambridge Sequential Total Energy package program 13, 14 , using Vanderbilt-type ultrasoft pseudo potentials 15 and a plane wave expansion of the wave functions. The electronic wave functions were obtained using density mixing scheme 16 and the structures were relaxed using The Monkhorst-Pack scheme k-point sampling was used for integration over the Brillouin zone 21 . The convergence criteria for structure optimization and energy calculation were set to ultra fine quality. It is well known that the cut-off energy and k-point mesh influences the convergence of calculations, we tested the dependence of energy cut-off and k-point grid and found that for 520 eV plane wave cut-off energy and 5x8x5 k-point mesh, the change in total energy is less than 1meV. So we chose these plane wave cut-off energy and k-point mesh for all the calculations.
a=5.627Å, b=3.319Å, c=4.979Å, and β=107.4 0 as the initial structure and it is relaxed to allow the ionic configurations, cell shape, and volume to change at ambient pressure. Our calculations were conducted on one unit cell with two molecules. Starting from the optimized crystal structure of lithium azide at ambient pressure, we applied hydrostatic pressure up to 60 GPa. The external pressure was gradually increased by an increment of 1 GPa in each time. Under a given pressure, the internal co-ordinates and unit cell parameters of the lithium azide crystal were determined by minimizing the Hellmann-Feynmann force on the atoms and the stress on the unit cell simultaneously. In the geometry relaxation, the self-consistent convergence on the total energy is 5x10 −7 eV/atom and the maximum force on the atom is found to be 10 −4 eV/Å. Based on the equilibrium structures, the electronic, optical and vibrational properties have been calculated. The vibrational frequencies have been calculated from the response to small atomic displacements 23, 24 . The elastic constants are calculated for the optimized crystal structure at ambient conditions by using volume-conserving strain technique 25 as implemented in CASTEP code. We have relaxed the internal co-ordinates of the strained unit cell to arrive at the elastic constants.
III. RESULTS AND DISCUSSION
A. Crystal structure and properties at ambient pressure
At ambient pressure, LiN 3 crystallizes in the monoclinic structure with the C2/m space group and contains two molecules per unit cell. Each azide ion is surrounded by six cations and vice versa. The structure is iso-structural to low temperature phase of sodium azide (α NaN 3 ). In order to determine the theoretical equilibrium crystal structure for lithium azide, we performed a full geometry optimization of both the lattice constants and the internal atomic co-ordinates within LDA and GGA. The crystal structure of LiN 3 from our geometry optimization in GGA is shown in Fig 1. In Table I can also observe that at a given pressure, the theoretical unit cell volume is greater than that of the experiment, which is also due to the inherent limitation of DFT-GGA functionals. However, as pressure increases, the computed cell volume approaches the experimental values. For example, if we observe keenly, the discrepancy between theoretical and experimental volumes decreases from 5.8% at 0 GPa to 2.68% at 60 GPa. This result implies that our abinitio-GGA calculations performed under high pressure might be more reliable.
The dependence of lattice constants of LiN 3 on pressure is shown in Fig 2(b) , where our theoretical results are compared with the experimental data 12 . The experimental trend for the lattice constants upon compression is well reproduced by our GGA calculations. Among the three axes, we find the better agreement between our GGA calculations and experiments for reduction of lattice constant for b-axis, whereas the reduction of lattice constant for a and c -axes is overestimated by our calculation. The possible reason for this behavior is the theoretical values of initial zero-pressure lattice constants a and c are 2.3% larger than the experimental values (see Table 1 ). In The pressure dependence of the monoclinic angle of LiN 3 is shown in Fig 2( e) where it is also compared with experiment 12 . The change in monoclinic angle is more below 20 GPa whereas above this pressure it is only of 2 0 , this implies that the shear of layers is more below 20 GPa whereas it is less pronounced at high pressures (at 60 GPa). Due to the affect of the shear of the structure the azide ions become closer to each other and therefore the interaction will be more.
The electronic structure of solids can be characterized by means of electronic band gap.b
The electronic band structure of LiN 3 at 0 GPa and at 60 GPa are shown in respectively. Overall the distribution of states is same at both pressures, and there is no hybridization between the Li states and N 3 states at ambient as well as at 60 GPa, indicating that ionic bond is more favored in LiN 3 . This is also observed by using the charge density that LDA overbinds the system as the volume is largely underestimated which is a common feature in DFT-LDA calculations and therefore one would expect large bulk modulus. Since can be directly relate to the crystallographic a, b, and c-axes respectively. The calculated values of these three constants follows the order C 33 > C 11 > C 22 , which implies that the (1)
where E is the thermal energy required to dissociate the azide radical N 3 * . The combination of two positive holes will give nitrogen gas with the liberation of energy Q and the electron trapped to the metal atom sites and thereby form the metal atom
Therefore in order to understand the photochemical decomposition phenomena at ambient as well as at high pressures it would be necessary to understand its optical properties that are resulting from the interband transitions. In general the optical properties of matter can be described by means of the complex dielectric function ǫ(ω) = ǫ 1 (ω) + iǫ 2 (ω), where ǫ 1 (ω) and ǫ 2 (ω) describes the dispersive and absorptive parts of the dielectric function.
Normally there are two contributions to ǫ(ω) namely intraband and interband transitions. 
here ψ C and ψ V are the wave functions in the conduction and valence bands, p is the momentum operator, ω is the photon frequency, andh is the Planck's constant. The real part ǫ 1 (ω) of the dielectric function can be evaluated from ǫ 2 (ω) using the KramerKroning relations.
where 'P' is the principle value of the integral.The knowledge of both the real and imaginary parts of the dielectric function allows the calculation of the important optical properties such as refractive index, absorption, and photo conductivity 34 .
In this present study, we investigated the static dielectric constant, refractive index, absorption spectrum and photo conductivity of lithium azide along the three crystal directions at ambient pressure as well as at the high pressures. The static dielectric constant ǫ 1 (0) as a function of pressure is shown in Fig 6(a) . Clearly ǫ 1 (0) increases with pressure along all the three directions. The static refractive index (n= √ ǫ(0)) of the system in three directions is given by n 100 = 1.73, n 010 = 1.34, and n 001 = 2.61. Clearly, n 100 = n 010 = n 001 therefore we conclude that the lithium azide is an anisotropic crystal with bi-axial crystal 
E. Vibrational properties
Vibrational properties are obtained by the use of linear response method within the density functional perturbation theory (DFPT) 23 . In this method the force constants matrix can be obtained by differentiating the Hellmann-Feynman forces on atoms with respect to the ionic co-ordinates. This means that the force constant matrix depends on the ground state electron charge density and on its linear response to a distortion of atomic positions.
By variational principle the second order change in energy depends on the first order change in the electron density and this can be obtained by minimizing the second order perturbation in energy which gives the first order changes in the density, wave functions, and potential.
In the present study the dynamical matrix elements are calculated on the 5x8x5 grid of kpoints using the linear response approach. The calculated total and partial phonon density of states of LiN 3 at 0 GPa and 60 GPa are shown in Fig 7 and Fig 8. From the partial phonon density of states it can be observed that at 0 GPa, the frequency modes below 300 cm −1 are due to the both lithium and azide ion, whereas above this frequency the states are entirely dominated by the the azide ion. At 60 GPa, the modes are shifting towards high frequency region.
The vibrational frequencies at gamma point are shown in Table III . The group symmetry decomposition into irreducible representations of the C2/m point group yields a sum of A u +2B u for three acoustic modes and 4A g +2B g +5A u +10B u for the 21 optical modes.
The modes from M1 to M13 involves the vibrations from the lattice (including both metal atom and azide ion) whereas modes from M14 to M21 are entirely due to the azide ion. The 
The calculated Grüneisen parameters (γ i ) of LiN 3 resulting from a linear fit of the ln ν as a function of ln V are listed in Table III . It can be observed from Table III that the calculated γ is high for lattice modes and the values are low for internal modes which are entirely due to the azide ion vibrations. This also implies that the change in lattice parameters and thereby the volume with pressure has large affect on vibrational modes especially lattice modes whereas the vibrational frequencies of azide ion has less influence by the pressure.
IV. CONCLUSIONS
In summary, the structural, electronic, optical and vibrational properties of lithium azide under hydrostatic compression up to 60 GPa have been studied using density functional theory within generalized gradient approximation. The calculated structural parameters are overestimated compared to the experiment, which is due to the GGA exchange-correlation functionals. It is also observed that Lithium azide remains in the monoclinic structure in the studied pressure range of 60 GPa as observed in experiment. From the calculation of total and partial DOS it is found that lithium azide is an ionic solid with a band gap of 3.32 eV and the gap decreases as pressure increases indicates its ability to become semiconductor at high pressures. The single crystal elastic constants at ambient pressure have been calculated and found that the system is mechanically stable. The calculation of refrac- The above image is the "Table of Contents" Graphic: Graphical Image
